Controlled fabrication and advanced characterization are the two foundations of advanced materials research. With the decreasing size of nano-engineered devices and increasing complexity of chemically synthesized nanomaterials in recent years, there is an increasing demand for high-resolution and three-dimensional analysis and characterization of those complicated structures at the nanometer scale. Electron tomography is the most powerful tool for studying nano-engineered materials in three-dimensions at the nanometer scale. In this paper, we introduce the theory, basic functions, capabilities and limitations of electron tomography, as well as give two examples of its applications on characterizing nanostructured materials-metallic PtSn supported on SBA-15 catalysts and clay-epoxy nanocomposites. Based on bright-field TEM tomographic analysis of the PtSn/SBA-15 catalyst, we find that all the PtSn particles prefer to nucleate inside mesopores. Using high angle annular dark field scanning TEM tomography, we reveal the interaction between the clay layers and the epoxy matrix at different locations in the clay-epoxy composite.
INTRODUCTION
The comprehensive characterization of materials' structure is important and challenging in materials research. Among all the characterization tools, the transmission electron microscope (TEM) is routinely used for analyzing the structures of materials at atomic resolution. [1] [2] [3] TEM images illustrate the shape, morphology and internal structure of materials, diffraction patterns determine the crystal structure, and analytical microscopy, such as Electron Energy Loss Spectroscopy (EELS) and Energy dispersive X-ray spectroscopy (EDX), can provide electronic and chemical structural information and phase mapping at high spatial solution. Although many remarkable images have been obtained with atomic resolution by the latest state-of-the-art electron microscopes, conventional TEM images mostly present two dimensional (2D) projections of three dimensional (3D) specimens. Since the electron beam penetrates through the samples and generates superimposed 2D projections on the camera, it is difficult to determine the structure present in the third dimension, such as different layers stacked on each other, locations of defects and small particles that are lying parallel to the incident electron beam. This makes it difficult to unambiguously determine the internal structure of multiphase and nano-engineered materials, including devices, polymer nanocomposites, supported catalysts etc.
Tomography can be implemented to address the shortfall of conventional 2D images by reconstructing the 3D structure from a series of 2D images. 4 The most well known application of tomography is X-ray computed tomography (CT scanner) which was first built in 1971 and now is widely used in hospitals all over the world. The application of electron tomography was inaugurated by life-science scientists in 1968 [5] [6] [7] and has been well accepted for the study of cells and virus in life scientific research. In recent years, we have seen its progressive application for the characterization of 3D structures of nanostructured materials in the materials science field. Kosher et al. 8 firstly reported the 3D structures of zeolite using bright field TEM (BF-TEM) tomography. Later, Midgley from the University of Cambridge presented the 3D distribution of nanosized metal particles on a mesoporous support by reconstructing from a series of high-angle annular dark field Scanning TEM (HAADF-STEM) images. 9 He also successfully demonstrated a 3D volume reconstructed from a series ARTICLE of energy-filtered TEM (EFTEM) images. 10 Recently, 4D electron tomography, where time resolution is integrated with 3D reconstructions, was reported by Zewail to display the mechanical motions and morphological dynamics of a multiwalled carbon nanotube. 11 12 Meanwhile, various materials systems, such as porous structures, 13 14 supported catalysts, [15] [16] [17] [18] [19] [20] polymer nanocomposites, 21 organic solar cells, 22 23 nanocrystals, [24] [25] [26] [27] [28] [29] [30] and transistor devices 18 have been studied extensively by electron tomography in order to correlate the structures to their chemical and physical properties. In theory, a 3D volume can be reconstructed from a series of 2D TEM images which have been acquired by tilting the sample to different angles. As depicted in Figure 1 , each 2D TEM image in real space corresponds to a central slice in 3D Fourier space. 31 We can therefore obtain the corresponding 3D structure by assembling all the slices in Fourier space. The real 3D structure can then be restored by taking the inverse Fourier transform of this assembly. In practice, typically four steps are required for electron tomography: 17 19 (1) acquisition of a tilt series of projections, (2) alignment of the images obtained, (3) reconstruction from the aligned series and (4) visualization of the 3D volume.
Tilt series of images are usually recorded from −70 to +70 with 0.5-5 tilt increments in the TEM. Image acquisition, including the tilting of the sample, the correcting of the sample shift and image focus, and the taking of pictures, can be done manually or automatically using software programs. According to the theory of tomography, all acquired images should fulfill the projection criterion, which means that the signal from each pixel in 2D image should vary monotonically with mass thickness of the sample. Therefore, it should satisfy 18 26 I ∝ t Z x where I is the intensity of the image, t is the sample thickness, is the density and Z is the atomic number of atoms with exponential growth of x.
Three imaging modes, BF-TEM, HAADF-STEM and EFTEM, are used for samples with various structures in Fig. 1 . Schematic illustration of the theory of tomography. electron tomography. BF-TEM imaging is usually applied to amorphous materials or nanocrystals with weak diffraction contrast (<10 nm), in which the image intensity increases exponentially with the sample mass thickness. HAADF-STEM imaging is applied to all kinds of materials, ranging from amorphous to highly crystalline structures. [17] [18] [19] EFTEM images are formed by selecting the electrons with characteristic energy loss corresponding to the atomic inner-shell ionization edges of the element of interest. The contrast observed in background subtracted EFTEM images is then proportional to the amount of atomic species in the sample. However, elemental maps only show a monotonic signal-thickness behavior for thin specimens, usually less than 30 nm. The signal decreases dramatically with increasing sample thickness thus limiting the usage of this type of imaging mode for tomography. 18 The duration for tomographic image acquisition is approximately 0.5∼4 hours. Once the data has been acquired, the series of images has to be aligned accurately in order to bring all images to one rotation axis. The alignment is a key step to obtain accurate reconstruction results. In this paper, the alignment is carried out using cross-correlation method, which calculates and compensates the shift of the images by comparing adjacent pairs of images in the series. The aligned 2D images are then reconstructed using either a back-projection method or the Simultaneous Iterative Reconstruction Technique (SIRT). In the backprojection process, each 2D image is projected back into 3D space along its original tilt angle. The superposition of all back-projected images from different directions will result in a reconstructed 3D volume. The original results from back-projection method usually present a blurred reconstruction due to non-uniform sampling in which low frequencies are enhanced and higher frequencies are reduced during the reconstruction process. By applying a weighting filter, the sampling balance can be complemented by enhancing the information from high spatial frequencies and reducing that from the low spatial frequencies. 17 31 However, the weighted back-projection method is seriously affected by artifacts. In comparison with weighted back projection technique, SIRT gives better reconstructed result. In the SIRT process, the reconstructed volume is re-projected back into 2D images along the original projection angle and the re-projections are compared with the original 2D images. The reconstructed volume is then corrected iteratively until the best fit between the re-projections and original images is obtained.
The reconstructed 3D object can be visualized through three approaches: slicing, surface rendering and voxel rendering. In some cases, a segmentation process is applied to better interpret the tomographic results and identify the surface structures. [27] [28] [29] The segmentation process is a prerequisite for the surface model generation of an object as a whole and visualization of individual parts of a multiphase Electron Tomography of Nanostructured Materials ARTICLE object separately. The resolution of the tomogram after segmentation is typically lower than that of the original reconstruction due to the application of a surface smoothing function. Although resolution has to be compromised, the structures after segmentation are found to be almost the same as the original results. 29 In this paper, followed by the introduction of the theory of electron tomography, we will discuss the limitations and subsequent artefacts of electron tomography. Two examples, Pt catalyst particles supported on SBA-15 and clay-epoxy nanocomposites, reconstructed by BF TEM and HAADF-STEM images respectively, are discussed to present tomographic reconstruction of different nanostructured samples and to reveal the influence of the support on the structures of the supported metallic catalysts and the exfoliation mechanism of the clay layers in epoxy.
EXPERIMENTAL DETAILS

PtSn/SBA-15 Catalysts
0.4 wt% Pt and 0.6 wt% Sn (Sn:Pt atomic ratio = 2.4) loaded on a mesoporous SBA-15 substrate was prepared by impregnation method. 35 The SBA-15 support was impregnated with a H 2 PtCl 6 and SnCl 4 aqueous solution, dried at 120 C and then calcined in air at 500 C for 4 h. The powders obtained were de-chlorinated in air containing water vapor at 500 C for 4 h to remove any remaining chlorine on the sample surface.
The prepared catalysts were dispersed in ethanol and dropped onto a 100 mesh copper grid coated with a layer of carbon film (SPI). Electron tomography was carried out on a JEOL 2100 TEM operated at 200 kV. A total of 121 BF TEM images were recorded automatically over a tilt range of −60 to +60 with a tilt step of 1 using the JEOL TEMograhy program. The magnification was 25,000 times, corresponding to 0.512 nm per pixel. The final tilt series data was aligned and reconstructed by weighted-back projection using the reconstruction program Composer. The 3D volume was then visualized by voxel rendering using the software Visulizer.
Clay-Epoxy Nanocomposites
The preparation of clay-epoxy was modified from ref 39 and 40 . Epoxy DER 332 with an epoxide equivalent weight of 171-175 g/equiv and Ethacure 100-LC was used as the polymer matrix and curing agent. 4 g clay was dispersed in 120 ml water and stirred at room temperature for 24 h. The suspension was mixed and washed with acetone three times. The white precipitate was then mixed with epoxy resin and acetone was evaporated in a vacuum oven at 50 C. The resulting mixture was stirred with a curing agent and dried at 75 C for 60 min. Finally, the clayepoxy nanocomposite was prepared by curing the sample at 100 C for 2 h and post-cured at 180 C for 5 h. TEM specimens were prepared using an ultramicrotome. Typically polymer sections of thickness from 300 to 500 nm are prepared in order to ensure that the inorganic fillers remain intact in the epoxy and to minimize the cutting damage to the clay-epoxy interface. 3D electron tomography of the nanocomposites was performed on a FEI Titan S/TEM operated at an accelerating voltage of 300 kV. A total of 141 HAADF-STEM images were acquired automatically using the FEI Xplore 3D tomography software, with a tilt range of −70 to +70 and a tilt step of 1 . The magnification was 20,000 times, corresponding to 7.85 nm per pixel. The acquisition time for one 1024 × 1024 sized image was 20 s. The final tilt series data was aligned and reconstructed using SIRT (30 iterations) with FEI Inspect3D. The 3D volume was then visualized and analyzed by voxel rendering and orthogonal slices using Amira 4.1.
RESULTS AND DISCUSSION
Limitations of TEM Tomography-Missing Wedge Artifacts
In theory, a high-resolution and perfect 3D tomogram can be achieved when the sample is tilted over the full range with a tilt increment as small as possible. 17 26 However, in practice, the tilt steps chosen are usually between 0.5 to 5 in order to shorten the total acquisition time, minimize beam damage to the samples and reduce the build-up of contaminants on the specimen surface under prolonged beam irradiation. The perfect tomography reconstruction also requires the full range of tilt images recorded from −90 to 90 . In electron microscopes, the geometry of the polepiece limits the tilt range of the sample holder and electrons are also blocked by the sample holder and the copper grid bars when the specimen is tilted to high angles. Some research groups have employed a specially designed 360 on-axis tomography holder to obtain the full range of tilt images. 30 However, only micro-pillar shaped samples prepared by focused ion beam milling can be used in these holders, which limits their applications on certain materials only. The lack of projections from high angles (i.e., −90 to −70 and 70 to 90 results in "missing wedge" artifacts, which can lead to erroneous estimation of size, shape and volume of the reconstructed tomogram.
The missing wedge artifact can be clearly demonstrated by a spherical sample, such as SiO 2 hollow spheres. The SiO 2 particles are perfectly spherical with a diameter of 200 nm and 20 nm thick walls, as seen in conventional TEM image in Figure 2(a). Figures 2(b-d) show the reconstructed 3D volume of SiO 2 spheres using STEM tomography. A total of 141 HAADF-STEM images were collected for reconstruction with a tilt range of −70 to 70 and a 1 tilt step. On one hand, the missing wedge artifact can result in the elongation of the object along the incident electron beam direction (z direction), as shown in Figure 2 (b). It is interesting to note that the elongation only occurs in the missing wedge area (indicated by two lines within 2 × 90 − angle area) and the other parts are still present as a perfectly spherical shape. The missing frequencies from those angles lead to the distortion in those directions. The elongation factor ( ) depends on the maximum tilt angle , 18 = + Sin × Cos − Sin × Cos Table I lists the elongation factors for commonly used tilt ranges. Considering that the typical tilt range of the sample in TEM is from 70 to −70 , the elongation factor is 1.3 for the part of the SiO 2 sphere along the z direction. On the other hand, the missing wedge effect can give rise to some volume artifacts because the missing information at the high tilt angles makes part of the reconstructed object to be missing. For example, the lack of projections from high angle ranges leads to an invisible part along the z direction, as indicated by arrows in Figure 2 (c). The larger the missing wedge, the more severe these artifacts. The distortion (elongation or missing part) caused by missing wedge artifacts indicates that we need to be very cautious when taking analysis in the z-direction of the 3D volume. For better visual presentation, we can hide the missing wedge artifacts by viewing the object close to the incident beam direction, as shown in Figure 2 (d), which illustrates some nearly perfect reconstructed spheres. Currently some advanced reconstruction 
Study of Supported PtSn/SBA-15 Catalyst Using BF-TEM Tomography
Supported PtSn catalysts are widely used in dehydrogenation reactions by industry. 35 The quality of the catalyst is affected by the composition, shape, size of the active metallic particles, the type of support, the interaction between the metals and the support, as well as the distribution of the metals on the support. 14 35 Mesoporous supports are more attractive in catalysis research due to its thermal stability, high surface area and defined pore volume which may act as nanoreactors resulting in the formation of catalysts with high selectivity. Figures 3(a and b) show two TEM images of typical PtSn supported on mesoporous SBA-15, which is used as an efficient catalyst for the dehydrogenation of paraffin and propane. 35 Nanosized PtSn particles and some nanorods are observed in the images. The diameter of the PtSn nanorods is around 5 nm and they are oriented along the pores, in agreement with the pore size of the SBA-15 (4.95 nm). 35 This indicates that rod like particles are oriented inside the pores. However, from the 2D images, it is difficult to determine the positions of the small particles and how the mesoporous support affects the growth and nucleation of the PtSn nanoparticles, especially when the support is not sitting at a major zone axis and the pores are invisible (Fig. 3(b) ). Compared with 2D images, more detailed information can be revealed from the 3D reconstructed tomogram. A series of 2D BF TEM images was acquired from −60 to +60 for the samples in Figure 2(b) . After alignment, the 121 recorded images already provide abundant useful information on the structure of the catalyst. Close examination of individual images from the tilt series reveals that all the particles are none-spherical in shape, but are elongated with a length to diameter ratio of 1.3 to 2.9.
A 3D tomogram with a reconstructed volume of 359 × 149 × 318 nm is displayed in Figures 3(c to f) Figure 3 (e) also appear sharp due to artifacts. However, by subtracting the artifacts, the PtSn particles still demonstrate elongated shapes, in good agreement with the observation from the tilt series images. It is interesting to note that all the metal particles in one SBA-15 support are aligned along one direction, indicating that the elongation follows the orientation of the pores. The positions of the PtSn particles can be further confirmed by slicing information from the 3D volume. Normal TEM images are the projection of 3D objects, which only demonstrate the stacking information throughout the volume. Using tomography, we can slice the 3D volume into a series of 2D slabs throughout the tomogram along any direction. 18 Since each slice extracts a thin layer of information from the 3D volume without interference from other layers, the contrast in the reconstructed slice is much better than that in a normal TEM image. An x-y slice with a thickness of 1 nm along the z direction is shown in Figure 3(f) . Two PtSn particles are observed inside the pores, and one particle is anchored close to the pore entrance. Some defects existing as nanosized holes are also observed inside the SBA-15 mesoporous structures from the slicing image, which cannot be revealed from normal TEM images.
The tomography results clearly show that all the PtSn metallic particles are dispersed inside the SBA-15 mesopores with the elongated shape along the pore direction. Mesoporous structures confine the diameter of the particles and the length of the metallic particles varies from each other. The morphology determined here may explain the diffusion and nucleation process of the PtSn nanoparticles. The diffusion and nucleation of active metals on mesoporous supports is quite complex and it is controlled by the interaction between particles and supports, kinetics and confinement of the pores. Generally, minimizing total energy of the supported catalyst particles is the driving force to reach an equivalent configuration with a particular morphology and crystal form for the metal particles. Metal particles are found to prefer nucleating at the kinks, steps or the concave areas, such as cup or saddle like regions on the surface support materials. 16 The high temperature annealing process used to make the catalyst will generate global diffusion and nucleation of PtSn on the support in regions with high surface curvature. The nucleation of metals inside pores is a more sable configuration than on the external surfaces, as internal concave pores possess the highest surface curvature of mesoporous structures. This agrees well with the observations of TEM tomography, which indicates the preferred locations of PtSn inside of the pores.
Study of Clay-Epoxy Nanocomposites by HAADF-STEM Tomography
Epoxy nanocomposites with exfoliated clay layers show property enhancement in terms of modulus, strength and toughness. [36] [37] [38] [39] Many reports have attempted to explain the fracture behavior of such materials. Two proposed typical fracture mechanisms for clay-polymer nanocomposites are microcracks generated at the clay-polymer interface and debonding of the clay layers. 37 Since the size of the clay nanofillers dispersed in epoxy can be a few nanometers thick and a few microns long, electron tomography is a 
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useful technique to study the internal structures of clayepoxy nanocomposites. With electron tomography, a 3D structure can be generated with nanometer scale resolution, and thicker specimens can also be examined after reconstruction as superimposed slices/structures that can be resolved from the reconstructed 3D structure. As discussed in Section 3.2, BF-TEM images have been successfully applied to reconstruct amorphous materials or nanocrystals smaller than 10 nm with weak diffraction contrast. They are not suitable for the reconstruction of highly crystalline materials due to the presence of strong diffraction contrast at the zone axes. 17 18 The diffraction contrast, together with other non-projection phase contrast in BF images will complicate tomographic reconstruction and lead to a distortion in the shape of the reconstructed structure. 26 HAADF-STEM images are formed by collecting high-angle (>50 mrad) scattered electrons. 40 41 The intensity of the images is approximately proportional to the square of the atomic number (Z) and varies linearly with the sample thickness (for relatively small sample thicknesses). All non-projection contrast can be minimized in the images. Thus, HAADF STEM imaging is applicable for electron tomography of both amorphous and crystalline materials.
BF-TEM and HAADF-STEM images of the clay filled epoxy nanocomposite are depicted in Figures 4(a-d) . HAADF-STEM images show sharper clay edges than that in BF images. It is noteworthy that the non-projection induced contrast shown in BF TEM images, such as Fresnel fringes seen at the edge of the particles and the artifacts due to defocus and varying specimen height are not observed in the STEM images. Moreover, due to the counts of HAADF-STEM images being approximately proportional to the square of the atomic number, they demonstrate higher contrast between the epoxy matrix and the clay layers which contain Si with higher atomic number than carbon. Since the quality of the tomographic reconstruction is determined by the quality of the original tilt images, the higher contrast and sharper STEM images give rise to better and more interpretable tomographic reconstruction results, as shown in Figures 4(e  and f) . In comparison to the HAADF-STEM reconstructed object, the clay layers are less clear in the polymer matrix in the BF TEM tomogram and some blurry shadows are present close to the clay layers which originate from the non-projection contrast in the 2D images. The resolution of the HAADF-STEM images is similar to that of the BF-TEM images, but HAADF-STEM tomography provides higher sensitivity to samples with large differences in atomic numbers.
Besides sharper images, HAADF-STEM also reduces beam damage to polymer samples. [17] [18] [19] Damage of the nanomaterials by the electron beam is one of the major concerns during image acquisition. The full acquisition time for BF-TEM tomography is around 30 min to 1 h, which is shorter than the 2 h to 4 h for HAADF-STEM tomography. However, polymers (also including SiO 2 spheres) are found to be more susceptible to damage by the continuous electron beam illumination in BF-TEM imaging mode than that under the intermittent scanning beams, even though the unit area intensity of the scanned probe is stronger than the parallel beam in TEM. Based on the concerns discussed above, HAADF-STEM tomography was selected for the tomographic reconstruction of the polymer materials in this paper.
A typical HAADF-STEM image of the clay-epoxy nanocomposite is shown in Figure 5 (a). The clay is exfoliated uniformly into layers of approximately 1-2 m long and a few tens of nanometers thick, which are dispersed randomly in an epoxy matrix. The clay-epoxy matrix is thinned to sections a few hundred nanometers thick by the diamond cutter of the microtome. The diamond cutter scratches the surface of the clay-epoxy sections and thus causes the straight lines seen in the image. Since the stress concentration point is located at the clay-epoxy interface, clay layers tend to split to form voids when the strain is released during the sample preparation process.
The randomly distributed clay layers in polymer matrix produce various 2D projections. The sharp lines, marked by number 1 in Figure 5 viewing direction or the incident electron beam. Silica layers oriented perpendicular to the incident electron beam exhibit the lowest contrast due to a planar morphology of clay layers in the epoxy matrix, which are marked by arrows number 3. The others, marked by arrow number 2, are tilted from the beam direction. The random orientations of the clay layers in the epoxy complicate the interpretation of 2D STEM images and it is difficult to clearly reveal the interface between the clay and the epoxy as well as the real orientation and thickness of the silica layers. Electron tomography allows us to reveal the whole structure unambiguously. The corresponding voxel rendering of the reconstructed 3D volume is displayed in Figure 5 (b), with the reconstructed volume at 6978 × 7560 × 447 nm. It is noteworthy that the clay layers lying perpendicular to the viewing angle in the 2D image can be visualized as a thin slab at certain tilt angles in the reconstructed volume, as indicated by the arrow in Figure 5 (b). The reconstructed 3D structure can also show the location of voids and the nature of delamination of the clay layers. 36 Clay layers in the polymer matrix are better visualized by a series of images sliced perpendicular to the viewing angle. Figure 6 shows three x-y slices at different levels in the reconstruction, with a thickness of 7.85 nm for each slice. The red arrows indicate three regions where a split changes from inside the clay layers to the clayepoxy interface at different thickness. Clay has a layered and planar structure, with strong covalent bonds in layers and weak forces between layers. Without treatment with the coupling agent, the clay layers cannot be fully exfoliated and the dispersed layers can have thickness of up to tens of layers. When the polymer matrix is cut into 400 nm thin slabs, micro-deformation occurs at the area of clay layers due to stress release of the epoxy around the clay region. From the 3D reconstructed images and slices indicated in Figure 6 , the micro cracks could have initiated inside the thick clay layers due to its weak interlayer bonding. Since the thickness of the clay is not uniform, the crack will propagate to the clay-epoxy interface, and extend into the polymer matrix.
3D electron tomographic reconstruction has proven itself to be an important technique as it is the only technique that can reveal the delamination of clay-clay, clay-epoxy matrix and polymer-polymer matrix at different positions of a single particle. The analysis of microdeformation can also be used to explain the macro-scale 
